We report on an evaluation of tropospheric ozone and its precursor gases in three atmospheric chemistry versions as implemented in ECMWF's Integrated Forecasting System (IFS), referred to as IFS(CB05BASCOE), IFS(M OZART) and IFS(MOCA GE). While the model versions were forced with the same overall meteorology, emissions, transport and deposition schemes, they vary largely in their parameterizations describing atmospheric chemistry, including the organics 20 degradation, heterogeneous chemistry and photolysis, as well as chemical solver. The model results fro m the three chemistry versions are compared against a range of aircraft field campaigns, ozone sondes and satellite observations, which provides quantification of the overall model uncertainty driven by the chemistry parameterizations. We find that they produce similar patterns and magnitudes for carbon monoxide (CO) and ozone (O 3 ), as well as a range of non-methane hydrocarbons (NM HCs), with averaged differences for O 3 (CO) within 10% (20%) throughout the troposphere. Most of the divergence in 25 the magnitude of NMHCs can be explained by differences in OH concentrations, which can reach up to 50% particularly at high latitudes. Also comparatively large discrepancies between model versions exist for NO 2 , SO 2 and HNO 3 , which are strongly influenced by secondary chemical production and loss. Other, co mmon b iases in CO and NMHCs are main ly attributed to uncertainties in their emissions. This configuration of having various chemistry versions within IFS prov ides a quantification of uncertainties induced by chemistry modeling in the main CAMS g lobal trace gas products beyond those 30 that are constrained by data-assimilation.
Introduction
The analysis and forecasting capabilities of trace gases are key objectives of the European Copernicus Atmosphere Monitoring Service (CAMS), in order to provide operational informat ion on the state of the atmosphere. This service relies 35 on a combination of satellite observations with state-of-the-art atmospheric composition modelling .
For that purpose, ECMWF's nu merical weather prediction (NWP) system, the Integrated Forecasting System (IFS), contains modules for describing at mospheric composition, including aerosols Benedetti et al., 2009) , greenhouse gases (Agustí-Panareda, et al. 2016; Engelen et al., 2009) , and reactive gases .
Having at mospheric chemistry available within the IFS allows the use of detailed meteoro logical parameters to drive the fate 40 of constituents, as well as its capabilit ies to constrain trace gas concentrations through assimilation of satellite retrievals.
Furthermore, having at mospheric chemistry as an integral element of the IFS enables to study feedback processes between atmospheric chemistry and other parts of the earth system, such as the impact of ozone in the radiation scheme on temperature and the provision of trace gases as precursors for aerosol.
Other examples where chemistry modules have been imp lemented in general circu lation models (GCM ) for NWP 45 applications have been, for instance, GEM-A Q (Kaminski et al., 2008; St ruzewska et al., 2015) , GEMS-BA CH (de Grandpré et al., 2009; Robichaud et al., 2010) , the Met Office's Unified Model (Morgenstern et al., 2009 , O'Connor et al., 2014 , and, on a regional scale, WRF-Chem (Powers et al., 2017) .
The chemistry module that is currently used operationally in the CAMS service orig inates fro m the chemistry transport model TM5 (Huijnen et al., 2010) . The chemistry module is based on a modified version of CB05 t ropospheric che mistry 50 (Williams et al., 2013) , while stratospheric ozone is modelled using a linear ozone scheme Deque 1986, Cariolle and Teyssèdre, 2007) . This version, referred to as IFS(CB05), is used in a range of applications, such as for the CAMS operational analyses and forecasts of atmospheric co mposition (http://atmosphere.copernicus.eu), and for the generation of reanalyses: the CAMS Interim Reanalysis and the CAMS Reanalysis (Inness et al., 2018) . Furthermore, this module is used in modelling studies, e.g., to analyse extreme fire events (Huijnen et al., 2016a ; 55 atmospheric modelling.
The central application area of tropospheric chemistry analyses and forecasts in the IFS are to provide a global coverage of the current state of atmospheric co mposition, along with its long-term trends (Inness et al., 2018) . These are intensively used as boundary conditions to regional models (Marécal et al., 2015) . Uncertainty informat ion is relevant to CAMS users of global chemistry forecasts, in particular for the trace gases that are not, or poorly, constrained by observations, such as the 80 non-methane hydrocarbons (NMHCs) and react ive nitrogen species. Therefore we focus here not only on the model ab ility to represent tropospheric ozone (O 3 ) and carbon mono xide (CO), but also include evaluations of the NM HC's, n itrogen dio xide (NO 2 ), nitric acid (HNO 3 ) and sulfur dioxide (SO 2 ).
In this study, we rely on various sets of observations. Co mparatively dense in-situ observation networks exist to measure surface and tropospheric CO and O 3 , wh ich is further expanded by satellite retrievals for CO and NO 2 colu mns. Observations 85 fro m aircraft campaigns form a crucial source of informat ion on at mospheric composition, part icularly for the NM HC's, and have been used in the past in various modelling efforts and intercomparison studies (e.g. Po zzer et al., 2007; Emmons et al., 2015) . Even though all model versions considered here contain both parameterizat ions for tropospheric and stratospheric chemistry, we limit ourselves to evaluating differences in the tropospheric co mposition; evaluation of stratospheric composition is beyond the scope of this work. It is worth noting that each of the versions are constantly developed further 90 over time, which means that particular aspects of the model performance, and as a consequence inter-model spread, are subject to change depending on model version.
The paper is structured as follows. Section 2 provides a description of the various chemistry schemes implemented in IFS.
Section 3 provides an overview of the observational datasets used for model evaluation, wh ile in Section 4 a basic assessment of model d ifferences for tracers playing a key ro le in tropospheric ozone is provided. Section 5 contains the 95 evaluation against observations of a fu ll year simu lation with the three at mospheric chemistry versions of IFS with focus on Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-331 Manuscript under review for journal Geosci. Model Dev. Discussion started: 8 January 2019 c Author(s) 2019. CC BY 4.0 License. tropospheric chemistry. The paper is concluded with a summary and an outlook in Section 6, where also the recent model evolution in the various versions is briefly described.
Model description

Chemical mechanisms 100
The three chemistry schemes imp lemented in the IFS are described in more detail in the fo llo wing subsections. A brief analysis of elemental differences is given in Sec. 2.1.4
IFS(CB05BASCOE)
For IFS(CB05BASCOE), a merging approach has been developed where the tropospheric and the stratospheric chemistry schemes are used side-by-side within IFS (Huijnen et al.,2016b) . The tropospheric chemistry in the IFS is based on a 105 modified version of the CB05 mechanism (Yarwood et al., 2005) . It adopts a lu mping approach for o rganic species by defining a separate tracer species for specific types of functional groups. Modifications and extensions to this include an explicit treat ment of C1 to C3 species as described in Williams et al., (2013) , and SO 2 , di-methyl sulphide (DMS), methyl sulphonic acid (MSA) and ammonia (NH 3 ) (Huijnen et al., 2010) . Heterogeneous reactions and photolysis rates in the troposphere depend on the CAMS aerosol fields. The react ion rates for the troposphere follow the reco mmendations given in 110 either JPL evaluation 17 (Sander et al., 2011) or Atkinson et al. (2006) .
The modified band approach (MBA) is adopted for the online computation of photolysis rates in the troposphere (Williams et al., 2012) and uses 7 absorption bands across the spectral range 202 − 695 n m, accounting for cloud and aerosol optical properties. At instances of large solar zenith angles (71-85°) a different set of band intervals is used. The comp lete chemical mechanism as applied for the troposphere is referred to as 'tc01a', and is extensively documented in Flemming et al. (2015) . 115
For the modelling of at mospheric composition above the tropopause, the chemical scheme and the parameterization for Polar Stratospheric Clouds (PSC) have been taken over from the BASCOE system (Huijnen et al., 2016b) , version 'sb14a'.
Lookup tables of photolysis rates were co mputed offline by the TUV package (Madronich and Flocke, 1999) as a function of log-pressure altitude, ozone overhead column and solar zenith angle. Gas-phase and heterogeneous reaction rates are taken from JPL evaluation 17 (Sander et al., 2011) and JPL evaluation 13 (Sander et al., 2000) , respectively. 120
Both for solving the tropospheric and stratospheric reaction mechanis m we use KPP-based four stages, 3 rd order Rosenbrock solvers (Sandu and Sander, 2006) . Photolysis rates for reactions occurring both in the troposphere and stratosphere are merged at the interface, in order to ensure a smooth transition between the two schemes. To distinguish between the tropospheric and stratospheric regime, we use a chemical defin ition of the tropopause level, where tropospheric grid cells are defined at O 3 <200 ppb and CO>40 ppb, for P > 40 h Pa. W ith this defin ition the associated tropopause pressure ranges in 125 practice approximately between 270 and 50 hPa globally, with the lowest tropopause pressure naturally in the tropics.
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IFS(MOCAGE)
The MOCA GE chemical scheme (Bousserez et al, 2007 , Lacressonnière et al. 2012 ) is a merge o f react ions of the 130 tropospheric RACM (Regional At mospheric Chemistry Mechanism) scheme (Stockwell et al., 1997) with the reactions relevant to the stratospheric chemistry of REPROBUS (REactive Processes Ruling the Ozone BUdget in the Stratosphere) (Lefèvre et al., 1994 , Lefèvre et al. 1998 ). It uses a lumping approach for organic trace gas species. The MOCA GE chemistry has been extended, in particu lar by the inclusion of the sulphur cycle in the troposphere (Ménégoz et al. 2009 ) and PAN photolysis. 135
The RA CMOBUS (RACM -REPROBUS) chemistry scheme imp lemented in IFS uses 115 species in total, including longlived and short-lived species, family groups and a polar stratospheric clouds (PSC) tracer. A total of 326 thermal reactions and 53 photolysis reactions are considered to model both tropospheric and stratospheric gaseous chemistry. Nine heterogeneous reactions are taken into account for the stratosphere and 2 for the troposphere for the aqueous oxidation reaction of sulfur dio xide into sulfuric acid (Lacressonnière et al., 2012) .For photolysis rates, a lookup table of photolysis 140 rates was computed offline by the TUV package (Madronich and Flocke, 1997, version 5.3 .1) as a function of solar zenith angle, ozone column above each cell, altitude and surface albedo.
IFS(MOZART)
The atmospheric chemistry in IFS(MOZA RT) is based on the MOZART-3 mechanis m (Kinnison et al., 2007) and includes additional species and reactions from M OZA RT-4 (Emmons et al., 2010) and further updates from the Co mmunity 145
Atmosphere Model with interactive chemistry, referred to as CAM4-che m (Lamarque et al., 2012; Tilmes et al., 2016) . As for IFS(CB05BA SCOE), the heterogeneous reactions in the troposphere are parameterized based on aerosol surface area density (SAD) which is derived using the CAMS aerosol fields. The heterogeneous chemistry in the stratosphere accounts for heterogeneous processes on liquid sulfate aerosols and polar stratospheric clouds following the approach of Considine et al. (2000) . 150
The photolysis frequencies in wavelengths fro m 200 to 750 n m are calculated fro m a look-up table, based on the 4-stream version of the Stratosphere, Troposphere, Ultraviolet (STUV) rad iative transfer model (Madronich et al., 1989) . For wavelengths from 120 n m to 200 n m, the wavelength-dependent cross sections and quantum yields are specified and the transmission function is calculated exp licitly for each wavelength interval. In the case of J(NO) and J(O 2 ), detailed photolysis parameterizations are included online. The current IFS(M OZART) version includes the influence of clouds on 155 photolysis rates which is parameterized according to Madronich (1987) . Ho wever, currently it does not account for the impact of aerosols. A detailed description of the parametrization of photolysis frequencies, absorption cross sections, and quantum yields is given in Kinnison et al. (2007) .
Key differences in chemistry modules
An overview of the most important differences in the three chemistry modules described above is given in Table 1 . First, there are large differences in the choices made to compile the tropospheric chemistry mechanism. IFS(M OZART) describes the degradation of organic carbon types C1, C2, C3, C4, C5, C7 and C10, together with lu mped aro matics, wh ile IFS(CB05BASCOE) only describes explicit degradation up to C3, with the same reactions as present in IFS(M OZART). 165
Instead, emissions and degradation of higher VOC's in IFS(CB05BASCOE) are lu mped to a few t racers. Furthermore, the parameterization o f the isoprene and terpenes degradation is simp ler in IFS(CB05BASCOE) than in IFS(M OZART).
Aromatics are cu rrently not described in IFS(CB05BASCOE), wh ile they are accounted for with simple approaches in IFS(MOZART).
IFS(MOCA GE) describes many mo re lu mped organic species than IFS(CB05BASCOE) and IFS(M OZART), also 170 accounting for the more comp lex organics beyond C3. Furthermo re, IFS(M OCA GE) uses a rather different lu mping approach and contains more co mplexity for d ifferent terpene co mponents, and also including aro matics. Such differences are bound to impact the effective degradation of VOCs, and thus ozone production efficiency and o xidation capacity, e.g. Sander et al. (2018) .
With respect to the inorganic chemistry, the schemes are mostly similar. St ill, IFS(MOCA GE) includes HONO chemistry, 175 which is missing in both IFS(CB05BASCOE) and IFS(M OZART) imp lementations. Gas-phase sulfur chemistry is mostly similar between IFS(CB05BA SCOE) and IFS(MOZART), while IFS(MOCA GE) has some mo re co mplexity through considering reactions involving DMSO and H 2 S.
Heterogeneous reactions of HO 2 and N 2 O 5 on aerosol are included in IFS(CB05BASCOE) and IFS(M OZA RT), but not in the IFS(MOCAGE) version considered here. This has only become available in a more recent model version. 180
Regarding the treatment of photolysis in the troposphere, IFS(CB05BASCOE) applies a modified band approach, where for 7 wavelengths the photolysis rates are computed online, taking into account the scattering and absorption properties of gases, (overhead ozone and o xygen), clouds and aerosol. IFS(M OCA GE) adopts a lookup-table approach, accounting for overhead ozone colu mn, solar zen ith angle, surface albedo and altitude, provid ing photolysis rates for clear-sky conditions. The impact of cloudiness on photolysis rates is applied online in IFS during the simu lation using the parameterisation proposed by 185 Brasseur et al. (1998) . IFS(M OZART) applies the lookup-table approach from MOZA RT-3 (Kinnison et al., 2007) , considering overhead ozone colu mn and cloud scattering effects on photolysis rates. Despite such larger differences, an intercomparison of an instantaneous field of photolysis rates showed similar average profiles, with spread in magnitudes in the range of 5% in the tropical free t roposphere for important photolysis rates like jO 3 , jNO 2 , jHNO 3 . Locally d ifferences are larger, associated, amongst others, to different cloud treatment (Hall et al., 2018). 190 As for the stratospheric chemistry, IFS(CB05BASCOE) contains the largest complexity of the three model versions containing both more species and reactions compared to the other mechanisms. Eu ler method for species with long lifet imes (e.g. N 2 O) and an imp licit backward Eu ler solver for other trace gases with short lifetimes. Experiments using different solvers for both IFS(CB05BASCOE) and IFS(M OCA GE) have revealed significant differences, with decreases in tropospheric ozone in the o rder of up to 20% regionally when replacing a semiimplicit solver with the Rosenbrock solver. These differences are mostly traced to differences in the N 2 O 5 che mistry (Cariolle et al., 2017) , affecting in turn the NO x lifetime and hence the ozone production efficiency. 200 
Emission, deposition and surface boundary conditions 205
MACCity emissions are used to prescribe the anthropogenic emissions (Granier et al., 2011) , where wintertime CO traffic emissions have been scaled up according to Stein et al. (2014) . Aircraft NO emissions are 1.8 Tg NO y r -1 , following Lamarque et al. (2010) .
Monthly specific biogenic emissions originating fro m M EGA N-MA CC (Sindelarova et al., 2014 ) are adopted, complemented with POET-based oceanic emissions (Granier et al., 2005) . 210
Daily biomass burning emissions are taken from the Global Fire Assimilation System (GFAS) version 1.2, which is based on satellite retrievals of fire radiative power (Kaiser et al., 2012) . The actual emission totals used in the simulat ion for 2011 from anthropogenic, biogenic and natural sources, biomass burning as well as lightning NO are given in Table 2 .
Dry deposition velocit ies in the current configuration were p rovided as monthly mean values fro m a simu lation using the 215 approach discussed in Michou et al. (2004) . To account for the diu rnal variation in deposition velocities, a cosine function of the solar zenith angle is adopted with a ±50% variation. Wet scavenging, including in-cloud and below cloud scavenging as well as re-evaporation is treated following Jacob et al. (2000) . The reader is referred to Flemming et al., (2015) for fu rther details on dry and wet deposition parameterization.
As described above, the chemistry mechanisms vary particularly in their description of the VOC degradation, with the most 220 explicit treat ment described in IFS(MOZ), wh ile IFS(MOCA GE) and IFS(CB05BASCOE) rely on a mo re extended lu mp ing approach. This has consequences for the description of the various emissions. Still, we have ensured that the total of VOC and aromatics emissions in terms of Tg carbon are essentially the same for the three chemistry schemes.
For CB05BASCOE, the emissions of Parafins (toluene and higher alkane emissions), Olefins (butenes and higher alkenes), and Aldehydes (acetaldehyde and other aldehydes) have been prescribed. Likewise, MOZA RT applies emissions of 225 BIGA LK (Butanes and higher alkanes) and BIGENE (Butenes and higher alkenes). MOCA GE adopts tracers HC3, HC5, and HC8, over which emissions of acetylene, propane, butanes and higher alkanes, esters, methanol and other alcohols are distributed, whereas DIEN contains butenes and higher alkenes emissions.
As for the aro matics, IFS(CB05BASCOE) disregards those, but includes toluene carbon emissions as part of the Parafins.
IFS(MOZA RT) treats additionally a TOLUENE t racer, wh ile IFS(MOCA GE) contains two types of aro matics, designated 230
TOL and XYL. These aromatic emissions are composed from toluene, trimethyl-benzene, xylene and other aromatics. 
Model configuration and meteorology
The IFS model versions evaluated here were implemented in IFS cycle 43R1, and are run on a T255 horizontal resolution (~ 0.7 degree) with 60 model levels in the vertical up to 0.1 hPa, all exclud ing chemical data assimilat ion. The naming 245 conventions and experiment ID's for the three model runs are specified in Tab le 3. For brevity we refer to the model runs as 'CBA', 'M OC' and 'MOZ', respectively. A 30 minutes time stepping for the dynamics is applied wh ile meteorology is nudged towards ERA-Interim. To allo w for sufficient model spinup, the in itial condition (IC) fields have been generated for 1 Ju ly 2010, using as much as possible realistic and consistent fields. For this purpose, tropospheric CO, O 3 fro m the CAMSInterim reanalysis have been co mbined with VOC's fro m its control run. CFC's, halogens and other 250 tracers relevant for stratospheric composition orig inate fro m the BASCOE reanalysis v05.06, (Skachko et al., 2016) , and have been merged for altitudes below tropopause with model fields fro m Huijnen et al. (2016b) , all specified for 1 July 2010.
For MOZ and MOC, these IC fields have been completed for a few missing VOC's and CFC's using separate MOZART and MOCAGE climatologies, respectively.
For the evaluation, the model was sampled in the troposphere and lower stratosphere (i.e. the lowest 40 model levels) every 255 three hours, to have a full coverage of the daily cycle. These are used to compute monthly to yearly averages. Standard deviations are computed to represent the model variability for a specified range in time and space. 
Aircraft Measurements
Aircraft measurements of trace gas composition fro m a database produced by Emmons et al. (2000) were used for evaluation. Although these measurements cover only limited time periods, they provide valuable in formation about the vertical distribution of the analy zed trace gases. The database is formed by data fro m a nu mber of aircraft campaigns, 265 gridded onto global maps, forming data co mposites of chemical species important fo r tropospheric ozone photochemistry.
These are used to create observation-based climatologies (Emmons et al. 2000) . Here we use measurements from ozone, CO, CH 2 O, C 2 H 6 , C 2 H 4 , methyl hydroperoxide (CH 3 OOH), NO 2 , nitric acid (HNO 3 ), and sulphur dio xide (SO 2 ). Note that the field campaigns used in this evaluation have been extended including also data observed after the year 2000, such as the Although the specific field campaign data is in theory representative for the specific year, the averaging of large number of measurements over space and time part ly solves the problem of interannual variability, and therefore these data can be considered as a climatology. Po zzer et al. (2009) showed that the correlation between model results and these observations would vary less than 5% if model results 5 years apart were used. Finally these data summaries are useful for provid ing a 275 picture of the global distributions of NMHCs and nitrogen-containing trace gases.
280
Figure 1: Geographical d istribution of the aircraft campaigns presented by Emmons et al. (2000) . Each field campaign is represented by a different color. Further information on the campaigns is found in Emmons et al. (2000) .
In situ observations 285
In-situ observations for CO are used from the World Data Centre for Reactive Gases (WDCRG), the data repository and archive for reactive gases of the World Meteorological Organisation's (WMO) Global Atmosphere Watch (GAW) programme. The uncertainty of the CO observations is estimated to be in the order of 1-3 ppm (Novelli et al., 2003) .
Tropospheric ozone was evaluated using sonde measurement data availab le fro m the World Ozone and Ult raviolet Rad iation Data Center (W OUDC, http://woudc.org), further expanded with observations from the Netwo rk for the Detection of 290 Atmospheric Co mposition Change (NDA CC) network. About 50 indiv idual stations covering various worldwide reg ions are taken into account for the evaluation over the Arctic, Northern Hemisphere mid-latitudes, tropics, Southern Hemisphere midlatitudes and Antarctic. The precision of ozone sonde observations in the troposphere is on the order of -7 to 17% (Ko mhyr et al., 1995; Steinbrecht et al., 1998) , while larger errors are found in the presence of steep gradients and where the ozone amount is low. 295
Satellite observations
MOPITT (Measurements of Pollution in the Troposphere) V7 CO colu mn observations (Deeter et al., 2017) are used to evaluate the CO total co lu mns. The MOPITT instrument is a mult i-channel Thermal InfraRed (TIR) and Near InfraRed (NIR) instrument operating onboard of the Terra satellite. The total co lu mn CO product is based on the integral of the 300 retrieved CO volu me mixing ratio profile. A CAM4-che m (Lamarque et al., 2012) based climato logy is used to provide the MOPITT a priori profiles. For our study we use the TIR-derived CO total colu mn observations, which are p rovided both over the oceans and over land. Highest CO sensitivities of these MOPITT TIR measurements are in the middle troposphere, around 500 h Pa. Sensitiv ity to the lower troposphere depends on the thermal contrast between the land and lower atmosphere, wh ich is higher during the day than in the n ight. Therefo re, in our study we only use daytime M OPITT TIR 305 observations. Standard deviation of the error in indiv idual pixels for the M OPITT V7-TIR product evaluated against NOAA flask measurements is reported as 0.13 × 10 18 molec cm -2 (Deeter et al., 2017) , i.e. in the order of 10% of the observation value. Daily mean model CO colu mns have been gridded to a 1° x 1° spatial resolution, and for our analysis we applied the MOPITT averaging kernels to the logarithm of the mixing ratio profiles, following Deeter et al. (2012) .
OMI retrievals of tropospheric NO 2 were taken fro m the QA4ECV dataset (Boers ma et al., 2017) . For this evaluation the 3-310 hourly model output of NO 2 was interpolated in t ime to local overpass of the satellite (13:30h), while p ixels with satelliteobserved radiance fraction originating fro m clouds greater than 50% were filtered out. The averaging kernels of the retrievals are taken into account, hence making the evaluation independent of the a priori NO 2 profiles used in the retrieval algorith m.
Note that by using the averaging kernels the model levels in the free troposphere are given relatively greater weight in the column calculation, which means that errors in the shape of the NO 2 profile can contribute to biases in the total column. 315
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Assessment of inter-model differences
In this section we provide a basic assessment of magnitude and differences in annual and zonal mean concentration fields between the three chemistry versions for a few essential tracers: O 3 , CO, NO x (=NO+NO 2 ) and OH. Th is provides a first insight in the correspondences and differences between chemistry modules and will help to interpret mo re quantitative differences seen in the evaluation against observations. 320
The annual zonal mean O 3 mixing ratios (Figure 2, top) show very similar patterns, with overall lo w values over the southern hemisphere and highest over the Northern Hemisphere (NH) mid -lat itudes, associated to the dominating emission patterns. (2017) showed limitations of the Semi-Implicit method as used in MOC for resolving NO x chemistry. Both elements likely contribute to significantly larger t ropospheric NO x lifet imes in MOC co mpared to CBA and MOZ. In contrast, the NO x lifetime in IFS(CB05BASCOE) scheme is comparat ively short, which is associated to a diagnosed relatively efficient 335 organic nitrate production term fro m the reaction of NO x with VOC's in the modified CB05 mechanism co mpared to other mechanisms, as assessed in a box-modeling configuration (Sander et al., 2018) .
Figure 2 also shows the annual, zonal mean concentrations of OH. Overall, the magnitude of OH is largest for MOC and lowest for CBA, with MOZ in between. The largest differences in absolute terms are found in the tropics, where the 340 concentrations are highest. Nevertheless, in relative terms the largest differences are found in the ext ra-tropics, particu larly over the SH, as can be seen from Figure 3 . This figure shows the temporal evolution of the difference between M OC and MOZ simulated daily average OH at 600 hPa. This shows that differences can be up to 50% in daily averages, in particular over the extra-tropics where the absolute values are lower compared to those in the tropics.
Tropospheric NO x in MOC is comparatively high, suggesting relatively efficient O 3 and OH production. On the other hand, 345 the photolysis rates of tropospheric ozone, responsible for the primary production of OH, are very similar (not shown).
Therefore the ozone production in MOC must be counter-balanced by a relatively large loss through reaction with OH and HO 2 (which are the other major loss terms in the ozone cycle), suggesting a relatively short tropospheric O 3 lifet ime. Such 
Evaluati on against observations
In this section we evaluate the model simulat ions against a range of observations, including ozone sondes, aircraft measurements, and satellite observations from carbon monoxide and nitrogen dioxide. Table 4 summarizes the comparison of the various model results with aircraft measurements, described in Sec. 3.1, in terms of biases and correlation, both unweighted and weighted with uncertainties wh ich are appro ximated by the root mean square 365 of model variability and measurement variab ility, where model variab ility is represented by the standard deviation from the averaged output values and measurement variability is by combination of instrumental errors and standard deviation (Jöckel et al., 2006) . W ith this approach, the measurement locations with high variability have less weight. This allows us to compare values that are more representative for the average conditions and to eliminate specific episodes that cannot be expected to be reproduced by the model. According to this analysis, the discrepancies between model results and 370 measurements are smaller than the uncertainties, if the absolute value of the weighted bias (i.e., in units of the normalised standard deviation, CBA is the only model version to deliver a satisfactory bias. For C 2 H 4 and C 2 H 6 none of the versions are able to match the 375 observations to an acceptable degree. The inability of the model versions to reproduce the observed magnitude of C 2 H 6 and the vertical distribution of C 2 H 4 , as indicated by the relatively low correlation with all aircraft measurements included in the database, requires a more detailed analysis. This is investigated in more detail in the next sections.
Geosci The summary analysis of the average performance of IFS simulat ions to model tropospheric O 3 as co mpared to WOUDC sondes as provided in Figure 5 shows annually and zonally averaged biases within ±10 ppbv, which is also in line with the O 3 bias statistics against the aircraft climatology as provided in Table 4 
Carbon Monoxide (CO)
Carbon mono xide is a key tracer for tropospheric chemistry, as a marker of bio mass burning and anthropogenic pollution, and provides the most important sink for OH. Appro ximately half of the CO burden is directly emitted, and the rest formed through degradation of methane and other VOC's. Hence, a correct simulation of this tracer is very important for studies of atmospheric o xidants. Considering the use of the same emissions and CH 4 surface conditions, differences in CO 450 concentrations are essentially caused by differences in chemistry. In Figure 9 the annual cycle at selected GAW stations are shown while in Figure 10 additionally shows the corresponding temporal correlation between the simulated monthly mean CO for all stations. Even though the phae and amplitude of the annual cycle are well reproduced by the model versions at several locations (e.g., Mauna Loa, Hawaii), the concentrations tend to be overestimated in the Southern Hemisphere, particularly by CBA, and to a lesser extent by the other chemistry versions, and underestimated over the remote Northern Hemisphere. This points to sensitivities due to the applied chemistry 485 scheme associated to differences in OH (see also Sec. 4). A possible over-estimat ion of CO over the tropics and southern hemisphere could relate to uncertainties in the biogenic emissions (Sindelarova et al., 2014) .
The correlations (in terms of R 2 ) of monthly mean time series against GAW stations are mostly above 0.8. Part icularly over Antarctica the correlation is very high with R 2 ≈ 0.9, ind icating that indeed the main processes controlling the CO abundance are well represented by the model. Nevertheless, at locations between 40°N and 60°N the correlation is lower. These regions 490 are strongly influenced by local chemistry and emissions, including industry and biomass burning. Clearly, the seasonal cycle is not optimally reproduced in Northern A merica (Canada regions) by any of the three chemistry versions, indicating that uncertainties in regional emissions, such as boreal biomass burning, could be responsible for these disagreements.
Co mpared to aircraft observations (see Figure 11 ), the three model versions produce similar CO mixing ratio vert ical 495 profiles, with d ifferences among them typically within the range of 10%. The bio mass burning plu mes are reproduced consistently (see Figure 11 , TRA CE-A, West Africa coast), and all three models co mpare well with observations both for background conditions in the Northern Hemisphere (SONEX, Ireland) and highly polluted condition (PEM -West-B, Ch ina Coast). 
Formaldehyde (CH 2 O) 505
Formaldehyde is important as the most ubiquitous carbonyl compounds in the atmosphere (Fortems-Cheiney et al., 2012) . It is mainly formed through the oxidation of methane, isoprene and other VOC's such as methanol (Jacob et al., 2005) 
Ethene (C 2 H 4 ) 520
Ethene is the smallest alkene wh ich is primarily emitted fro m b iogenic sources. In our configuration, biogenic C 2 H 4 emissions are 30 Tg yr -1 , which appears at the upper end of such emission estimates as reported by Toon et al. (2018) . The rest of the emissions are attributed to incomplete combustion from biomass burning or anthropogenic sources.
The three chemical mechanis ms produce mostly very similar mixing ratios of C 2 H 4 . Nevertheless, as indicated by the bias (Table 4) , which ranges between -2 and -14 in standard deviation units, as well as the weighted correlations, the model 525 versions have difficult ies in simulat ing C 2 H 4 . The vert ical p rofiles (see Figure 13 ) are strongly biased (e.g., SONEX, Newfoundland and PEM -Tropics-A, Tahiti), with positive b iases occurring at the surface and negative in the free troposphere. In remote regions and at higher altitudes, where the direct influence of emissions is lower, the model is at the lower end of the range of observations, with frequent underestimates (see Figure 13 PEM -Tropics-A, Christmas Island). This was already observed in other studies (e.g. Pozzer et al. 2007) , imp lying that the chemistry of this tracer is not well 530 understood. As the underestimat ion appears to be ubiquitously distributed this suggests that C 2 H 4 decomposition is too strong, or that the model versions miss chemical production term (e.g., Sander et al., 2018) .
Furthermore, interesting is the comparatively large difference present between the simulat ions at high latitudes (e.g. SONEX, Newfoundland), where the largest relative d ifferences in modelled OH have been found, (see also Sec. 4), illustrating the importance of OH for explaining inter-model differences. 535 
Ethane (C 2 H 6 )
Ethane (C 2 H 6 ) is the lightest trace gas of the family of alkanes and has an atmospheric lifetime of about two months. Ethane emissions are primarily o f anthropogenic nature, and have seen a relat ively strong decrease since the 1980s (Aydin et al., 2014) . Nevertheless, since 2009 an increase in C 2 H 6 concentrations has been observed, believed to be associated to recent increases in CH 4 fossil fuel extraction activities (Hausmann et al., 2016 , Monks et al., 2018 . 545
Co mpared to aircraft observations, all three model versions significantly underestimate the C 2 H 6 observed mixing ratios at all locations and ubiquitously (see Figure 14) . A part icularly strong underestimat ion is found in the No rthern Hemisphere, where most of the observations are located (e.g. the SONEX campaign over Ireland). A strong negative bias was also reported in the overall statistics (Table 4) , even though, contrarily to C 2 H 4 , the correlat ion showed acceptable values for all versions (R 2 >0.7). These findings can well be explained by an underestimation of the MACCity-based C 2 H 6 emissions, 550 which are at least a factor two lower than the corresponding estimates of 12-17 Tg yr -1 reported in the literature (Monks et al., 2018 , Aydin et al., 2014 , Emmons et al., 2015 and Folberth et al., 2006) . On the other hand, the comparison with the TRA CE-A field campaign, wh ich covered long-range transport of biomass burning plumes, shows a reasonable agreement in the lower troposphere (1-4 km), i.e. at the location of the bio mass plume, suggesting appropriate biomass burning emissions.
Still a considerable underestimation is present in the upper troposphere, probably due to the missing background 555 concentration. 
Nitrogen Dioxide (NO 2 )
Nitrogen dio xide is a trace gas difficult to co mpare with in-situ observations, due to its photochemical balance with nitrogen oxide. Considering its strong diurnal cycle, due to the fast photolysis rate, here only daytime values have been used to construct the averages, because the observations from the various field campaigns were equally conducted in daylight conditions. Figure 15 shows the strong variability in daytime NO 2 values, both in the measurements and in the simulations. 565
In general the M OC simu lation shows the highest concentration of NO 2 in different locations, particularly over source regions (see Figure 15 , TRACE-P, Japan and TOPSE-Feb, Boulder), with MOZ and CBA being mo re similar. This is in line with the analysis given in Sec. 4. Outside the source regions the secondary processes (such as its equilibriu m with HNO 3 , see also next section) have larger influences hence the model and observation profiles of NO 2 show even stronger variability and larger d ifferences (see Figure 15 , TOPSE-May, Thule). Still, in general all the chemical mechanis ms are able to reproduce 570 NO 2 within 1 standard deviation (see Table 4 ), even though the unweighted mean bias for MOC is significantly higher than for CBA and MOZ. Figures 16 and 17 evaluate tropospheric NO 2 using the OMI satellite observations. The simulations deliver generally appropriate distributions with a correct extent of the regions with high pollution, as largely d ictated by the emission patterns.
Nevertheless, a general underestimation of NO 2 over West Africa in April, and Central Africa and South America in August 580 is found, suggesting uncertainties associated to the modelling of biomass burning emissions.
Another interesting finding is a relatively strong negative bias over the Eurasian and North A merican continents in April for CBA, stronger than modelled in M OZ and MOC. In contrast, particularly MOC, but also MOZ over-estimates NO 2 over the Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-331 Manuscript under review for journal Geosci. Model Dev. 
Nitric Acid (HNO 3 )
Co mpared to the trace gases previously analysed, Nitric acid is not primary emitted but is purely photochemically formed in 600 the atmosphere. It has a very high solubility and therefore tends to be scavenged by precipitation very efficiently , providing an effective sink for the NO x family. Fu rthermore, it can act as a precursor for nit rate aerosols (Bian et al., 2017) . HNO 3 concentrations are therefore expected to show amongst the largest variation between the simulations, as the production and the sink terms can largely differ due to uncertainties in the parameterizations. In Figure 18 , the model results are compared with selected aircraft measurements. Although all three models tend to reproduce HNO 3 in a statistically similar way, over 605 the lower troposphere and up to 2 km height MOC tends to result in h igher HNO 3 concentrations compared to the other t wo chemical mechanisms and measurements. This is also reflected by overall the lo west negative biases in Table 4 . While MOC performs better at higher altitudes, in a biomass burning plume (e.g. TRACE-A, Figure 18 ), it also overestimates the production of HNO 3 or underestimates its sinks. Over polluted regions (Figure 18 , TRA CE-P, Japan), all models tend to perform well but in remote areas (Figure 18 , TOPSE, Churchill) the discrepancies between the models increase with MOC 610 delivering twice mo re HNO 3 than the other two model versions. Nevertheless, as the variability of the observations is very large, all the model versions still fall within the range of uncertainties of the observations. The discrepancies between the model versions can be mainly attributed to differences in NO x lifetimes and nitrate aerosol formation.
615
Figure 18: Co mparison simulated HNO 3 vertical profiles by using the CBA (red ), M OC (blue) and MOZ (g reen) chemistry versions against aircraft data (black), see also caption of Figure 11 .
Sulfur Dioxide (SO 2 ) 620
Similar to HNO 3 , SO 2 is also strongly influenced by wet deposition due to its high solubility. Furthermore, SO 2 is primarily emitted and converted to sulfuric acid (H 2 SO 4 ) both by gas phase and aqueous phase oxidation, an essential process for the production of new sulfate aerosol particles. Considering the complexity of the processes that control the SO 2 fate in the atmosphere, a large variability is expected for this tracer. The evaluation of SO 2 shows that among the three chemistry versions, CBA produces always the highest SO 2 mixing rat ios, whereas MOC produce the lowest, and MOZ lies always in 625 between. Nevertheless, all three mechanis ms tend to underpredict SO 2 mixing rat ios (see Table 4 ) co mpared to the aircraft Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-331 Manuscript under review for journal Geosci. Model Dev. observations (see Figure 19) . Notwithstanding significant uncertainties regarding SO 2 emissions, the simulated mixing ratios over polluted regions seem to reproduce the observed values (Figure 19 , Trace-P, China and Japan). CBA presents the best comparison with aircraft observations, as can be seen in Figure 19 
Conclusions 635
We have reported on an extended evaluation of tropospheric trace gases as modelled in three largely independent chemistry configurations to describe ozone chemistry, as imp lemented in ECMWF's Integrated Forecasting System. These configurations are based on IFS(CB05BASCOE), IFS(MOZA RT) and IFS(MOCA GE) chemistry versions. While the model versions were forced with the same overall emissions and adopt the same parameterizations for transport and dry and wet deposition, they largely vary in their parameterizations describing atmospheric chemistry. In particular their VOC 640 degradation, treatment of heterogeneous chemistry and photolysis, and the adopted chemical solver vary strongly across model versions. Therefore this evaluation provides a quantificat ion of the overall model uncertainties in the CAMS system for g lobal reactive gases which are due to these chemistry parameterizations, as co mpared to other co mmon uncertainties such as emissions or transport processes.
Overall the three chemistry versions implemented in the IFS produce similar patterns and magnitudes for CO, O 3 , CH 2 O, 645 C 2 H 4 and C 2 H 6 . For instance, the averaged differences for O 3 (CO) is within 10% (20%) throughout the troposphere, which is in line with larger model interco mparison studies reported in literature (Emmons et al., 2015; Huang et al., 2017 weighted bias always well with in one standard deviation when compared to aircraft observations. Nevertheless the daily average OH levels may vary by up to 50% between the different simulations, particu larly at high latitudes where absolute 650 values are smaller. This may explain the larger model spread seen for C 2 H 4 . Co mparat ively large discrepancies between model versions exist for NO 2 , SO 2 and HNO 3 , because they are strongly influenced by parameterized processes such as photolysis, heterogeneous chemistry and conversion to aerosol through gas-phase and aqueous phase oxidation. For instance IFS(MOCA GE) tends to predict significantly higher NO x and HNO 3 concentrations in the lower troposphere compared to the other two chemistry versions. 655
The comparison of the model simu lations of NM HCs against a selection of aircraft observations reveals two major issues.
First, the evaluation shows that large uncertainties remain in current and widely used emission estimates. For instance, the MACCity ethane emissions are likely under-estimated by at least a factor 2 (Hausmann et al., 2016; Monks et al., 2018) and were shown to lead to significantly lower C 2 H 6 concentrations compared to the aircraft observations. Secondly, as has been shown before (Po zzer et al., 2007) , the significantly lower C 2 H 4 levels at high altitudes compared to measurements, even 660 though C 2 H 4 emissions appear in the right order of magnitude, suggest that the C 2 H 4 chemistry is not well described. Other issues to constrain tropospheric ozone chemistry, as revealed fro m this assessment, are the model spread in NO 2 , and its biases against observations. To handle the various discrepancies discussed here, several pro mising updates are being introduced in the three chemistry versions of IFS, specifically:
• Coupling of the heterogeneous reactions in the troposphere with CAMS-aerosol in IFS(MOCAGE), 665
• Implementations of more accurate solvers for at mospheric chemistry based on Rosenbrock (Sandu and Sander, 2006) or alternatively ASIS (Cariolle et al., 2017) in IFS(MOCAGE),
• Revisions in at mospheric chemistry scheme in IFS(MOZA RT) by rev ising assumptions in the heterogeneous chemistry, expending the complexity of the scheme with additional species, detailed aromat ic speciation instead of lumped TOLUENE, and updated reaction products following recent developments in CAM-Chem, 670
• Update to the look up table for photolysis rate determination in IFS(MOZART),
• Updates of the reaction rate coefficients in any of the chemistry schemes to follow latest recommendations fro m IUPAC or JPL.
An update of the emission inventories is also foreseen for the near future. All these updates should tend to narrow the spread between the three model versions, and bring them closer to observations. This suggests that the present estimates of 675 uncertainties in atmospheric chemistry parameterizat ions are on the conservative side. Still, the diversity of chemistry versions will be useful to provide a quantification of uncertainties in key CAMS p roducts due to the chemistry module, as compared to other sources of uncertainties. 
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